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(54) Method for the Inspection of nuclear fuel rod for fretting and wear within a nuclear fuel 
assembly 

(57) Method and apparatus for ultrasonic inspection 
of a nuclear fuel rod having an inner core of nuclear fuel 
surrounded by a cladding tube having a wall thickness 
into which is transmitted ultrasonic guided waves and 
from which is detected a reflected ultrasonic wave which 
is indicative of a variation of the wall thickness. 
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Description 

Held Of The Invention 

[0001] The present invention relates generally to a s 
method for ultrasonic inspection of the nuclear fuel rods 
in an array within a nuclear fuel assembly to detect 
flaws, damage, or wear of the nuclear fuel rod cladding 
tube. 

[0002] The present invention relates to method utiliz- 10 
ing ultrasonics for the detection of worn or damaged 
nuclear fuel rods within a nuclear fuel assembly, and 
more particularly to a method of transmitting ultrasonic 
waves into the fuel rod cladding of nuclear fuel rods and 
detecting a reflected wave from the fuel rod cladding is 
tube. 

Background Of The Invention 

[0003] The majority of nuclear power reactors are 20 
water cooled and moderated reactors, utilizing enriched 
uranium dioxide as fuel. The core of the reactor is 
formed by elongated fuel rods which are grouped into 
bundles known as fuel assemblies which are generally 
rectangular in cross section. The fuel rods have diame- 25 
ters usually in the range of one fourth to one half inch 
and are frequently longer than ten feet. Each fuel rod is 
formed of a cladding tube typically made of a zirconium 
alloy which surrounds an inner core of nuclear fuel, typ- 
ically uranium dioxide. Most commonly, the uranium 30 
dioxide is in the form of pellets which are placed within 
the cladding. The fuel rods are held in a parallel array 
and in closely spaced fixed positions from each other by 
spacer grids. Spacers grids typically have an egg-crate 
shape and each spacer cell includes dimples and/or 35 
springs to position a fuel rod so that the desired fuel rod 
to fuel rod spacing (i.e. fuel rod pitch) is maintained. The 
springs and dimples keep the fuel rods in their proper 
lateral positions. But, under the influence of radiation, 
the springs are prone to relax which can lead to undesir- 40 
able changes in fuel rod pitch or it may cause gaps or 
spaces to develop between fuel rods and the springs 
and dimples which increases the likelihood that the rods 
and/or spacer grids will vibrate due to coolant flow. Such 
gaps, changes in fuel rod pitch, and vibration may lead 45 
to fuel rod wear commonly known as fuel rod fretting 
from spacer grid interaction, and can ultimately lead to 
a breach or a hole through the wall of the fuel cladding 
tube which encloses the enriched uranium dioxide. 
Such a breach or hole results in the fuel rod failure. The so 
abrasion occurs at the contact point within the spacer 
between the spacer spring and the fuel rod for each 
spacer within the fuel assembly. Although all fuel rods in 
an assembly are susceptible to this type of abrasion, 
damage is most common in the fuel rods at the lowest ss 
spacer region. 

[0004] After a fuel assembly has been exposed in the 
reactor for a given period of time, it is typically taken out, 



checked for failure and defects, repaired if necessary, 
and either returned to the reactor or sent to storage for 
ultimate disposition. If the fuel assembly is to be 
returned to the reactor, it is typically tested and checked 
for defective and failed fuel rods. These irradiated 
assemblies are highly radioactive and must be stored, 
handled, and inspected underwater in order to remove 
heat caused by the decay of fission products as well as 
to provide protection to persons working with them. 
[0005] The inspection of nuclear fuel rods, before fail- 
ure, for surface defects, as contrasted to fuel rod failure 
where the cladding tube has been breached, is currently 
not conducted with ultrasonics because present meth- 
ods do not permit ultrasonic interrogation of the known 
predominant failure locations and areas (i.e. spacer 
locations) without the disassembly of the fuel assembly 
which is extraordinarily time consuming. 
[0006] Instead, the detection of fuel rod fretting wear 
must rely on either error prone visual inspection and/or 
eddy current examination. However, either visual 
inspection or eddy current examination requires the dis- 
assembly of the fuel assembly, and the removal of each 
fuel rod which is to be inspected from the fuel assembly. 
The small spacing, particularly within PWR fuel assem- 
blies, between fuel rods, and between fuel rods and the 
guide tubes (e.g. 0.072 inch fuel rod to guide tube), and 
spacers, renders interior fuel rods virtually if not com- 
pletely inaccessible to prior art visual and eddy current 
inspection apparatuses and techniques. Both visual 
inspection and eddy current inspection are particularly 
incapable of determining whether fuel rod fretting wear 
has occurred at those locations on the surface of the 
fuel rod in contact with the spacer grids of the fuel 
assembly without disassembly of the fuel assembly. 
After such removal and disassembly, each fuel rod is 
then available for visual inspection and/or eddy current 
inspection to determine whether fretting wear or a non- 
through wall defect exists, where it exists, and the extent 
of such wear or defect for each fuel rod. Such eddy cur- 
rent inspection for fuel rod fretting wear of the fuel rods 
of a fuel assembly requires 8-10 hours to perform for 
each fuel assembly. 

[0007] There therefore exists a need for an inspection 
method which overcomes the above-stated disadvan- 
tages and which enables the rapid and efficient inspec- 
tion of fuel rod cladding tubes of fuel rods to identify 
surface defects or wear, and particularly for spacer grid- 
to-fuel rod fretting, in any fuel rod in the fuel assembly 
without the need to disassemble the fuel assembly to 
obtain access to each fuel rod. 

Summary of the Invention 

[0008] The present invention relates to a method for 
ultrasonic inspection of a nuclear fuel rod having a clad- 
ding tube surrounding an inner core of nuclear fuel, said 
cladding tube having a predetermined wall thickness 
extending between an inner wall and an outer wall, com- 
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prising the steps of transmitting ultrasonic guided waves 
in the cladding tube and detecting a reflected ultrasonic 
wave from the cladding tube which reflected ultrasonic 
wave is indicative of a variation from the predetermined 
wall thickness. 

[0009] In another embodiment, a method is provided 
for ultrasonic inspection of a nuclear fuel rod in an array 
of nuclear fuel rods, said nuclear fuel rod having a clad- 
ding tube surrounding an inner core of nuclear fuel, said 
cladding tube having a predetermined wall thickness 
extending between an inner wail and an outer wall, com- 
prising the steps of transmitting ultrasonic guided waves 
in the cladding tube and detecting a reflected ultrasonic 
wave from the cladding tube which reflected ultrasonic 
wave is indicative of a variation from the predetermined 
wall thickness. 

[0010] In another embodiment, a method is provided 
for ultrasonic inspection of nuclear fuel rod in a nuclear 
fuel assembly having an array of spaced apart parallel 
nuclear fuel rods, the nuclear fuel rod having a cladding 
tube surrounding an inner core of nuclear fuel, said 
cladding tube having a predetermined wall thickness 
extending between an inner wall and an outer wall, com- 
prising the steps of transmitting ultrasonic guided waves 
in the cladding tube and detecting a reflected ultrasonic 
wave from the cladding tube which reflected ultrasonic 
wave is indicative of a variation from the predetermined 
wall thickness. 

[0011] In another embodiment a method is provided 
for ultrasonic inspection of a cladding tube for a nuclear 
fuel rod, the cladding tube having a predetermined wall 
thickness extending between an inner wall and an outer 
wall, comprising the steps of transmitting ultrasonic 
guided waves in the cladding tube and detecting a 
reflected ultrasonic wave from the cladding tube which 
reflected ultrasonic wave is indicative of a variation from 
the predetermined wall thickness. 

Brief Description of the Drawings 

[0012] 

Figure 1 depicts the excitation of guided waves 
using an oblique incidence, longitudinal wave trans- 
ducer on a plexiglass wedge; 

Figure 2 depicts phase velocity dispersion curve for 
zircaloy tubing; 

Figure 3 depicts group velocity dispersion curve for 
zircaloy tubing; 

Figure 4A is a graphical representation of the phase 
velocity excitation zone when guided waves are 
induced by oblique incidence, longitudinal wave 
excitation; 

Figure 4B is a graphical representation of the phase 



velocity excitation zone when guided waves are 
induced by a periodic distribution of normal excita- 
tions with the spatial period equaling the wave- 
length of the excited mode, the ["comb" method]; 

5 

Figure 5 depicts the comb type excitation and the 
relationship between spatial period and wave- 
length; 

10 Figure 6 shows the experimental testing results of a 
defective cladding tube; 

Ftgure 7 shows the experimental testing results of 
another defective cladding tube; 

15 

Figure 8 shows the experimental testing results of 
another defective cladding tube; and 

Figure 9 shows the experimental testing results of 
20 yet another defective cladding tube. 

Detailed Description 

[001 3] The present invention provides a method which 
25 permits the rapid inspection and testing of nuclear fuel 
rods within BWR (boiling water reactor) and PWR (pres- 
surized water reactor) fuel assemblies to detect fretting 
wear of the cladding tubes of nuclear fuel rods caused 
by debris trapped within a spacer as well as by spacer 
30 fretting induced by coolant flow. The present invention 
permits rapid testing of all fuel rods in an assembly with- 
out removing rods for individual inspection. 
[0014] The prior art methods of detecting and sizing 
fretting indications (fretting wear marks) is by removing 
35 each fuel rod from the assembly and using visual or 
eddy current inspection techniques. This is extremely 
time consuming, expensive, and results in radiation 
exposure to the inspectors. 

[0015] In accordance with an aspect of the present 

40 invention, a method is provided for ultrasonic inspection 
of a nuclear fuel rod having a cladding tube surrounding 
an inner core of nuclear fuel, where the cladding tube 
has a predetermined wall thickness extending between 
an inner wall and an outer wall, comprising the steps of 

45 transmitting ultrasonic guided waves in the cladding 
tube and detecting a reflected ultrasonic wave from the 
cladding tube which is indicative of a variation from the 
predetermined wall thickness. 
[001 6] A guided wave is an ultrasonic wave induced in 

so a thin walled object with such properties that permit the 
wave to stay within the boundaries of the material with 
little or no leakage to either surface. Guided waves can 
be induced in thin plate as well as in thin walled tubing. 
The production of guided waves in an object is control- 

55 led by the proper selection of transducer frequency, 
transducer incidence angle, test object material velocity, 
and material wall thickness. Since the wave is attenu- 
ated only by the material impedance, the waves can 
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travel long distances with little attenuation. 
[0017] There are several ways of inducing guided 
waves in an object. The two most used are oblique inci- 
dence angle transducer and specially designed trans- 
ducers such as a "comb- transducer. In the first, a s 
standard transducer is positioned at a predetermined 
angle to the test object and a wave injected. Since the 
transducer element is not in contact with the test object 
due to the incidence angle, a conducting medium such 
as plastic or water must be added to transfer the sound io 
from the transducer element to the test object. This 
greatly increases the thickness of the transducer and 
effectively precludes its use within a fuel assembly 
because of the narrow rod to rod and rod to guide tube 
gaps discussed further below. 15 
[001 8] Referring to Figure 1 , depicting the generation 
of a guided wave at an oblique incidence in a thin wall 
tube using a longitudinal wave transducer on an acous- 
tic coupling material such as plastic. The longitudinal 
wave is incident at some incident angle 0, and velocity 20 
Vpiaxi- Due to Sneirs law, the waves undergo mode con- 
version, reflection and refraction at the interfaces. At 
some distance away from the transducer, the waves will 
no longer be individually identifiable, but will superim- 
pose into a wave packet. 25 
[001 9] For certain cases of incident angle, thickness, 
and material properties, constructive interference will 
take place, and a guided wave will propagate in the tube 
or plate. These conditions for constructive interference 
are met for many combinations of thickness, angle, and 30 
material properties. The combinations which result in 
constructive interference are termed modes. Each 
mode has its own characteristics of wave structure, 
propagation velocity, and stress distribution. In particu- 
lar, each mode has an in plane and out of plane dis- 35 
placement at the wave guide surface. The amount of out 
of plane displacement dictates how leaky" the mode 
will be since the out of plane displacement causes the 
generation of longitudinal waves out of the material and 
which carry energy out of the wave guide. This feature <o 
is particularly important in the application where the fuel 
rod has failed because a failed fuel rod tube will have 
water within it. Thus, for a failed or breached fuel rod, 
the selection of a leaky mode to the inner surface of the 
cladding tube will enable the detection of such failure 45 
since water will rapidly attenuate the sound field which 
is indicative of the presence of water. It is necessary to 
choose a non-leaky mode to both the inner and outer 
surface of the cladding tube for the inspection of a fuel 
rod which does not have a breached cladding tube. so 
[0020] The theoretical modeling of guided wave prop- 
agation results in dispersion curves and wave structure 
diagrams that describe the wave propagation. The 
phase velocity dispersion curve shown in Figure 2 is 
typically used for generation criterion for guided waves, ss 
In the case of oblique incidence generation, the phase 
velocity is simply related to angle of incidence by Sneirs 
law: 



SinQ i u Sin90 
V Plexl V Phase 

The group velocity dispersion curve is shown in Figure 
3 and provides the propagation velocity of the gener- 
ated guided waves modes. 

[0021] As stated above, inducing guided waves by 
oblique incidence, longitudinal wave excitation is 
accomplished by coupling a longitudinal wave trans- 
ducer to a fuel rod cladding tube at an incident angle 
through the use of a plastic wedge. A specific phase 
velocity is generated which is governed by Sneirs Law 
for the plastic wedge. Therefore, modes can be gener- 
ated which intercept the particular phase velocity excita- 
tion zone. Figure 4A shows the excitation zone for this 
method. 

[0022] A second way of inducing guided waves in an 
object is the "comb" method. A comb transducer is a 
contact type transducer for producing guided waves and 
whose characteristics are determined by the spacing 
and thickness of the comb elements. In this method, 
excitation is accomplished by a periodic distribution of 
normal excitations with the spatial period equaling the 
wavelength of the excited mode (Figure 5). Instead of a 
horizontal excitation region as in the oblique incidence 
method (Fig. 4A), the excitation is in the form of a 
straight line passing through the origin (Fig. 4B). The 
equation of the line is of the form y=mx, where 
y =v phase t x=fd and m=s/d and where 



and s is the comb spacing. Figure 4B is a graphical rep- 
resentation of the phase velocity excitation zone for this 
method. 

[0023] Although either method of generation can be 
used for flaw detection such as a failure of the cladding 
tube by a breach, or fretting wear or defects, because 
comb transducers can be manufactured with a lower 
profile design, they provide means for obtaining access 
into the fuel assembly between the narrow spaces 
between fuel rods for generating guided waves in the 
cladding tubes of fuel rods within a fuel assembly with- 
out the need to disassemble the fuel assembly. Comb 
transducers can be manufactured with varying degrees 
of spacing and element thickness to generate the 
desired mode in a variety of material thicknesses and 
properties. 

[0024] An advantage of a comb type of transducer is 
that it can be made relatively thin and still maintains its 
characteristics. Due to its small thickness, the comb 
transducer is the best practical method of introducing 
guided waves into fuel rods within an assembly. To test 
a fuel rod within an assembly the transducer must pass 
between the small gaps (.072 inch or 1 .9 mm fuel rod to 
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guide tube) to test interior rods. 
[0025] The comb transducer is designed to produce 
guided waves in the fuel rod cladding that have a longi- 
tudinal phase velocity that is "non-leaky" to both the fuel 
rod cladding tube inner surface and outer surface, i.e. 
the guided wave remains within the cladding wall. This 
provides for maximum sensitivity and minimum attenua- 
tion. The transducer operating frequency is selected to 
produce circumferential sound field intensities that are 
maximum at desired inspection points (normally at 135° 
to possible transducer presentation paths). Transducer 
parameters (operating frequency, distance between the 
"teeth" of the comb transducer, etc.) can be modified to 
cause the sound field to be at virtually desired any 
inspection point (i.e. axial position along the fuel rod). 
[0026] In tubes, both axisymmetric and non-axisym- 
metric guided waves can propagate. Axisymmetric 
guided waves refer to modes where the particle motion 
is only in longitudinal and radial directions and have uni- 
form distributions of stress and particle motion around 
the tube. This can be accomplished by using a fully 
encircling comb transducer. Non-axisymmetric guided 
waves have torsional components as well as longitudi- 
nal and radial components to the particle motion and 
have non-uniform distribution of stress and particular 
motion around the tube. 

[0027] There are two inspection modes utilizing comb 
type transducers, "loaded" and "partially loaded". In a 
loaded application, the transducer fully surrounds the 
outer surface of the fuel rod (i.e. the outer surface) of the 
cladding tube (or the inner diameter for applications 
such as in steam generator tubes). This is the optimum 
test in that the transducer generates a uniform (axisym- 
metric) sound field that travels in both directions (i.e. 
axially and circumferentially) in the tube and gives the 
maximum sensitivity. In a partially loaded test, only a 
segment of the transducer contacts the test object. This 
is less than optimum in that it produces a non-axisym- 
metric sound field circumferentially and axially along the 
tube. This non-axisymmetric sound field has limited 
inspection value due to the nonuniformity of the sound 
field at any specific location. Because of the very limited 
access to the fuel rods within a nuclear fuel assembly, 
only partial loading sources can be used such as a sec- 
tion of a comb transducer which will product non- 
axisymmetric waves. This is not a problem because the 
transducer physical characteristics (e.g. number of 
comb teeth, loading area etc.) and fundamental fre- 
quency parameters can be optimized to generate the 
maximum sound field at the desired location. Changes 
to the location and intensity of the sound field are most 
sensitive to frequency changes. 
[0028] In accordance with the present invention, the 
method of inspecting nuclear fuel rods to detect wear or 
defects in the fuel rod cladding comprises using a par- 
tially loaded, tone burst activated, comb transducer that 
is passed through the rod-to-rod gaps of a fuel assem- 
bly. By selecting the comb gaps and thickness, the 



transducer produces a field intensity at a specific axial 
and circumferential distance along the fuel rod. In a pre- 
ferred embodiment, the circumferential distance could 
be selected to be at 90° to the sound entry point to 
5 account for the spring location relative to the available 
probe entry path. 

[0029] Sound field characteristics are heavily depend- 
ent on frequency, when the properties of the test object 
are constant such as in nuclear fuel rod cladding tubes. 

10 To further increase the effectiveness of the inspection 
technique, the tone burst excitation would be "swept" 
through a specific frequency band causing the sound 
field to change in intensity circumferentially around the 
fuel rod being inspected. The use of a swept frequency 

is tone burst generator as a transducer excitation source 
permits the entire region of the fuel rod within the 
spacer cell to be inspected from one location without the 
need for generating axisymmetric waves from a fully 
encircling comb transducer. Use of such a fully encir- 

20 cling comb transducer would require the disassembly of 
the fuel assembly in order to place the fuel rod through 
the encircling comb transducer. Defects within the fuel 
rod cladding would reflect part of the guided wave signal 
which would be received by the comb transducer oper- 

25 ating in the pulse-echo mode. The amplitude of the 
reflected signal is proportional to the facial area of the 
defect. Thus, the use of swept frequency would permit 
the sound field to inspect a full 360° of the fuel rod by 
the sound field changing in accordance with the sweep 

30 frequency. 

[0030] In another preferred embodiment of the 
present invention, the comb transducer is inserted into 
the spaces between the fuel rods, at a specified dis- 
tance above or below a spacer. The transducer would 

35 be pulsed at a repetition rate. When the transducer 
achieved a position normal to the fuel rod, maximum 
loading will be achieved on a fuel rod, the injected signal 
would travel up and down the fuel rod, producing sound 
field intensities at the desired inspection point(s) as 

40 determined by the transducer physical characteristics. 
Because the guided wave produced in the fuel rod clad- 
ding tube is non-leaky, it is most sensitive to wear, 
defects or other changes in only the cladding wall. Por- 
tions of the sound wave are reflected for example by any 

45 change in the wall-to-wall thickness such as would be 
produced by a fretting mark. The reflected signal is 
received by the transmitting transducer and transmitted 
to and processed by the ultrasonic instrument. The 
transducer would then continue to be positioned 

so through the assembly while data was gathered from 
each fuel rod. Each fuel rod in the assembly is 
inspected in this manner. 

[0031] In accordance with another aspect of the 
present invention, a method for the detection of nuclear 
55 fuel rod wear or fuel rod failure is provided for which uti- 
lizes a "comb" style ultrasonic transducer to produce 
guided waves; an ultrasonic tester; and a transducer 
positioning system. More specifically, the comb trans- 
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ducer is mounted on a delivery system, an X-Y table 
positions the transducers within the fuel assembly and 
an ultrasonic flaw detector receives and displays the 
ultrasonic signal received from the fuel rod. A sweep fre- 
quency generator drives the transducer, and a power 5 
amplifier amplifies the output of the sweep frequency 
generator. 

[0032] The guide wave ultrasonic transducer can be 
either tone burst or shock excitation. 
[0033] Some of the advantages of the method of the 10 
present invention over the prior art are: 

1. Each fuel rod within an assembly can be 
inspected without disassembly; 

15 

2. All fuel rods within an assembly can be inspected 
in approximately 1 0 minutes as compared to 8 to 1 0 
hours (manual disassembly and eddy current 
inspection of the fuel rods of the assembly); 

20 

3. Defects or wear as shallow as 0.007 inch can be 
detected; 

4. The process of the present invention does not 
require the disassembly or handling of irradiated 25 
fuel rods; 

5. No other application is swept frequency tone 
burst modulation used to move the sound field by 
design. 30 

Test Results 

[0034] Experiments were carried out using a tone 
burst system and variable angle transducer to generate 35 
non-axisymmetric guided waves in fuel rod tube sam- 
ples. The tone burst system provides a high voltage, 
gated, sinusoidal pulse that fires the transducer with a 
narrow frequency spectrum. The narrow spectrum is 
particularly important in that it allows the selection of 40 
single modes from the dispersion curves. The fre- 
quency of the transducer can be changed such that dif- 
ferent portions of the dispersion curve can be excited. 
[0035] In these test, segments of nuclear fuel rod clad- 
ding tubes having defects, marring, or wear (without 45 
nuclear fuel) were plugged at either one or both ends 
and submersed in a water bath. Modes were chosen by 
an experimental and theoretical basis from the disper- 
sion curves. A mode with sensitivity to all defect sam- 
ples and with adequate signal to noise ratio was so 
determined by these tests. Initially, a 3rd order, non- 
axisymmetric mode at a frequency of 5.18 MHz was 
found with adequate sensitivity and signal to noise ratio 
to perform the inspection. Experimental results with the 
transducer at 3" and 0 degrees with respect to the ss 
defect position are shown in Figures 6 - 9. All defects 
were detected. Additionally, the Figure 8 waveform 
shows that the presence of the cladding tube in the 



spacer cell with the spring dip does not impair the ability 
to determine the presence of the defect. This is signifi- 
cant since the spring causing the wear will usually be 
present in such locations. 

[0036] While the foregoing description and drawings 
represent the preferred embodiments of the present 
invention, it will be apparent to those skilled in the art 
that various changes and modifications may be made 
therein without departing from the true spirit and scope 
of the present invention. 

Claims 

1 . A method for ultrasonic inspection of a nuclear fuel 
rod having a cladding tube surrounding an inner 
core of nuclear fuel, said cladding tube having a 
predetermined wall thickness extending between 
an inner wall and an outer wall, comprising the 
steps of: 

transmitting ultrasonic guided waves in the 
cladding tube; 

detecting a reflected ultrasonic wave from the 
cladding tube which reflected ultrasonic wave 
is indicative of a variation from the predeter- 
mined wall thickness. 

2. The method of claim 1 wherein the step of transmit- 
ting ultrasonic guided waves is from a comb trans- 
ducer. 

3. The method of claim 2 wherein the ultrasonic 
guided waves that are transmitted by the comb 
transducer are non-leaky to the cladding tube inner 
wall and cladding tube outer wall. 

4. The method of claim 3 wherein the ultrasonic 
guided waves are non-axisymmetric. 

5. The method of claim 4 wherein the ultrasonic 
guided waves are transmitted by a partially loaded 
comb transducer. 

6. The method of claim 5 wherein the ultrasonic 
guided waves are transmitted by the comb trans- 
ducer from a swept frequency tone burst signal. 

7. The method of claim 6 wherein the step of detecting 
the reflected ultrasonic wave from the cladding tube 
is performed by an ultrasonic flaw detector. 

8. The method of claim 7 wherein the cladding tube is 
immersed in a compressible fluid. 

9. A method for ultrasonic inspection of a nuclear fuel 
rod in an array of nuclear fuel rods, said nuclear fuel 
rod having a cladding tube surrounding an inner 
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core of nuclear fuel, said cladding tube having a 
predetermined wall thickness extending between 
an inner wall and an outer wall, comprising the 
steps of: 

5 

transmitting ultrasonic guided waves in the 
cladding tube; 

detecting a reflected ultrasonic wave from the 
cladding tube which reflected ultrasonic wave 10 
is indicative of a variation from the predeter- 
mined wall thickness. 

1 0. The method of claim 9 wherein the step of transmit- 
ting ultrasonic guided waves is from a comb trans- is 
ducer. 

11. The method of daim 10 wherein the ultrasonic 
guided waves that are transmitted by the comb 
transducers are non-leaky to the cladding tube 20 
inner wall and cladding tube outer wall. 

12. The method of daim 11 wherein the ultrasonic 
guided waves are non-axisymmetric. 

25 

13. The method of daim 12 wherein the ultrasonic 
guided waves are transmitted by a partially loaded 
comb transducer. 

14. The method of daim 13 wherein the ultrasonic 30 
guided waves are transmitted by the comb trans- 
ducer from a swept frequency tone burst signal. 

15. The method of claim 14 wherein the step of detect- 
ing the reflected ultrasonic wave from the cladding 35 
tube is performed by an ultrasonic flaw detector. 

16. The method of claim 15 wherein the cladding tube 
is immersed in a compressible fluid. 

40 

17. A method for ultrasonic inspection of nuclear fuel 
rod in a nuclear fuel assembly having an array of 
spaced apart parallel nuclear fuel rods, the nuclear 
fuel rod having a cladding tube surrounding an 
inner core of nuclear fuel, said cladding tube having 4s 
a predetermined wall thickness extending between 

an inner wall and an outer wall, comprising the 
steps of: transmitting ultrasonic guided waves in the 
cladding tube; and detecting a reflected ultrasonic 
wave from the cladding tube which reflected ultra- so 
sonic wave is indicative of a variation from the pre- 
determined wall thickness. 

18. The method of claim 1 7 wherein the step of trans- 
mitting ultrasonic guided waves is from a comb 55 
transducer. 

19. The method of claim 18 wherein the ultrasonic 



guided waves that are transmitted by the comb 
transducer are non-leaky to the dadding tube inner 
wall and cladding tube outer wall. 

20. The method of claim 19 wherein the ultrasonic 
guided waves are non-axisymmetric. 

21. The method of claim 20 wherein the ultrasonic 
guided waves are transmitted by a partially loaded 
comb transducer. 

22. The method of claim 21 wherein the ultrasonic 
guided waves are transmitted by the comb trans- 
ducer from a swept frequency tone burst signal. 

23. The method of claim 22 wherein the step of detect- 
ing the reflected ultrasonic wave from the cladding 
tube is performed by an ultrasonic flaw detector. 

24. The method of claim 23 wherein the cladding tube 
is immersed in a compressible fluid. 

25. A method for ultrasonic inspection of a cladding 
tube for a nuclear fuel rod, the dadding tube having 
a predetermined wall thickness extending between 
an inner wall and an outer wall, comprising the 
steps of transmitting ultrasonic waves in the clad- 
ding tube; detecting a reflected ultrasonic wave 
from the dadding tube which reflected ultrasonic 
wave is indicative of a variation from the predeter- 
mined wall thickness. 

26. The method of claim 25 wherein the step of trans- 
mitting ultrasonic guided waves is from a comb 
transducer. 

27. The method of claim 26 wherein the ultrasonic 
guided waves that are transmitted by the comb 
transducer are non-leaky to the cladding tube inner 
wall and cladding tube outer wall. 

28. The method of claim 27 wherein the ultrasonic 
guided waves are non-axisymmetric. 

29. The method of claim 28 wherein the ultrasonic 
guided waves are transmitted by a partially loaded 
comb transducer. 

30. The method of claim 29 wherein the ultrasonic 
guided waves are transmitted by the comb trans- 
ducer from a swept frequency tone burst signal. 

31. The method of claim 30 wherein the step of detect- 
ing the reflected ultrasonic guided wave from the 
dadding tube is performed by an ultrasonic flaw 
detector. 

32. The method of claim 31 wherein the cladding tube 
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is immersed in a compressible fluid. 

33. Apparatus for ultrasonic inspection of a nuclear fuel 
rod having a cladding tube surrounding an inner 
core of nuclear fuel, said cladding tube having a s 
predetermined wall thickness extending between 
an inner wail and an outer wall, comprising 

means for transmitting ultrasonic guided waves 
in the cladding tube; w 

means for detecting a reflected ultrasonic wave 
from the cladding tube which reflected ultra- 
sonic wave is indicative of a variation from the 
predetermined wall thickness. is 

34. The apparatus of claim 33 wherein the means for 
transmitting ultrasonic guided waves is a comb 
transducer. 

20 

35. The apparatus of claim 34 wherein the ultrasonic 
guided waves that are transmitted by the comb 
transducer are non-leaky to the cladding tube inner 
wall and cladding tube outer wall. 

25 

36. The apparatus of claim 35 wherein the ultrasonic 
guided waves are non-axisymmetric. 

37. The apparatus of claim 36 wherein the ultrasonic 
guided waves are transmitted by a partially loaded 30 
comb transducer. 

38. The apparatus of claim 37 wherein the ultrasonic 
guided waves are transmitted by the comb trans- 
ducer from a swept frequency tone burst signal. 35 

39. The apparatus of claim 38 wherein the means for 
detecting the reflected ultrasonic wave from the 
cladding tube is performed by an ultrasonic flaw 
detector. ao 

40. The apparatus of claim 39 wherein the cladding 
tube is immersed in a compressible fluid. 

41. An apparatus for ultrasonic inspection of a nuclear as 
fuel rod in an array of nuclear fuel rods, said nuclear 
fuel rod having a cladding tube surrounding an 
inner core of nuclear fuel, said cladding tube having 

a predetermined wall thickness extending between 
an inner wall and an outer wall, comprising: so 

means for transmitting ultrasonic guided waves 
in the cladding tube; 

means for detecting a reflected ultrasonic wave ss 
from the cladding tube which reflected ultra- 
sonic wave is indicative of a variation from the 
predetermined wall thickness. 



42. The apparatus of claim 42 wherein the means for 
transmitting ultrasonic guided waves is from a comb 
transducer. 

43. The apparatus of claim 42 wherein the ultrasonic 
guided waves that are transmitted by the comb 
transducers are non-leaky to the cladding tube 
inner wall and cladding tube outer wall. 

44. The apparatus of claim 43 wherein the ultrasonic 
guided waves are non-axisymmetric. 

45. The apparatus of claim 44 wherein the ultrasonic 
guided waves are transmitted by a partially loaded 
comb transducer. 

46. The apparatus of claim 45 wherein the ultrasonic 
guided waves are transmitted by the comb trans- 
ducer from a swept frequency tone burst signal. 

47. The apparatus of claim 46 wherein the means for 
detecting the reflected ultrasonic wave from the 
cladding tube is performed by an ultrasonic flaw 
detector. 

48. The method of claim 47 wherein the cladding tube 
is immersed in a compressible fluid. 

49. An apparatus for ultrasonic inspection of nuclear 
fuel rod in a nuclear fuel assembly having an array 
of spaced apart parallel nuclear fuel rods, the 
nuclear fuel rod having a cladding tube surrounding 
an inner core of nuclear fuel, said cladding tube 
having a predetermined wall thickness extending 
between an inner wall and an outer wall, compris- 
ing: means for transmitting ultrasonic guided waves 
in the cladding tube; and means for detecting a 
reflected ultrasonic wave from the cladding tube 
which reflected ultrasonic wave is indicative of a 
variation from the predetermined wall thickness. 

50. The apparatus of claim 49 wherein the means for 
transmitting ultrasonic guided waves is from a comb 
transducer. 

51. The apparatus of claim 50 wherein the ultrasonic 
guided waves that are transmitted by the comb 
transducer are non-leaky to the cladding tube inner 
wall and cladding tube outer wall. 

52. The apparatus of claim 51 wherein the ultrasonic 
guided waves are non-axisymmetric. 

53. The method of claim 52 wherein the ultrasonic 
guided waves are transmitted by a partially loaded 
comb transducer. 

54. The method of claim 53 wherein the ultrasonic 
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guided waves are transmitted by the comb trans- 
ducer from a swept frequency tone burst signal. 

55. The apparatus claim 54 wherein the step of detect- 
ing the reflected ultrasonic wave from the cladding s 
tube is performed by an ultrasonic flaw detector. 

56. The apparatus of claim 55 wherein the cladding 
tube is immersed in a compressible fluid. 

10 

57. An apparatus for ultrasonic inspection of a cladding 
tube for a nuclear fuel rod, the cladding tube having 
a predetermined wall thickness extending between 
an inner wall and an outer wall, comprising means 

for transmitting ultrasonic guided waves in the clad- is 
ding tube and means for detecting a reflected ultra- 
sonic wave from the cladding tube which reflected 
ultrasonic wave is indicative of a variation from the 
predetermined wall thickness. 

20 

58. The apparatus of claim 57 wherein the step of 
transmitting ultrasonic guided waves is from a comb 
transducer. 

59. The apparatus of claim 58 wherein the ultrasonic 2s 
guided waves that are transmitted by the comb 
transducer are non-leaky to the cladding tube inner 
wall and cladding tube outer wall. 

60. The apparatus of claim 59 wherein the ultrasonic 30 
guided waves are non-axisymmetric. 

61. The apparatus of claim 60 wherein the ultrasonic 
guided waves are transmitted by a partially loaded 
comb transducer. 35 

62. The apparatus of claim 61 wherein the ultrasonic 
guided waves are transmitted by the comb trans- 
ducer from a swept frequency tone burst signal. 

63. The apparatus of claim 62 wherein the means for 
detecting the reflected ultrasonic wave from the 
cladding tube is performed by an ultrasonic flaw 
detector. 

64. The apparatus of claim 63 wherein the cladding 
tube is immersed in a compressible fluid. 



40 



45 



9 



EP0 935 258 A1 





10 



EP0 935 258 A1 



FIG. 3 



GROUP 
VELOCITY 
(ram/usec) 




■ L (0. 1) 
■1(0,2) 
'1(0,3) 
L(0,4) 
L(0. 5} 
L(0,6) 
L[0,7) 
L(0,8) 
1(0,9) 



2 4 6 8 
F-0 PRODUCT (MHz bud) 



10 



FIG. 4 A 



PHASE 
VELOCITY 
(mm/microsec) 



10 1 

B: 

4: 
2-. 




0 
0.0 



To 



1 i ■ 
4.0 



6.0 8.0 
F-D PRODUCT (MHz mra) 



10.0 



11 



EP 0 935 258 A1 



FIG. 4B 
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